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ABSTRACT

Prolactin, although generally considered a freshwater
osmoregulatory hormone in teleosts, can have influences
which appear freshwater or saltwater osmoregulatory when
injected at different times of day in the estuarine teleost
Fundulus grandis.

Prolactin injection at the onset of the

daily photoperiod increases plasma chloride concentrations;
prolactin injection 8 hours after the onset of the daily
photoperiod decreases plasma chloride concentrations.
Non-steroidal anti-inflammatory drugs (i.e., aspirin,
indomethacin), which inhibit the biosynthesis of prosta
glandins, block both the morning elevation and afternoon
depression of plasma chloride levels following prolactin
injection.

Prostaglandin B 1 mimics the actions of prolactin

on chloride levels when injected at the appropriate times of
day.

These data suggest that prolactin's influences on

teleost osmoregulatory tissues are partly or entirely
mediated through prolactin-induced prostaglandin (PG)
synthesis.
Prolactin injection at the onset of the daily photo
period decreases fat levels in Fundulus grandis? injection
8 hours after lights-on causes marked elevation of fat
stores.

At either time (0 or 8 h after lights-on), prolac
vi

tin injection causes immediate depression of lipogenesis
(1“c-incorporation into lipid).

Injection of prolactin at

8 h after lights-on results in slowly-developing stimula
tion of hepatic lipogenesis which reaches levels 2.3 times
higher in prolactin-treated fish when compared with salinetreated controls (24 h after injection).

This slowly-

developing stimulation of lipogenesis by prolactin is pre
vented by treatment with indomethacin (PG inhibitor).
Stimulation of lipogenesis seems to result from elevation
of the levels of lipogenic enzymes.

RNA synthesis is

stimulated by afternoon prolactin treatment either in vivo
or in vitro.

Stimulated RNA synthesis in vivo or in vitro

is inhibited by indomethacin.

Prostaglandin F 2a mimics

prolactin stimulation of RNA synthesis in vitro. Morning
prolactin injection does not stimulate RNA synthesis, but
apparently inhibits degradation of nascent liver RNA.

The

morning maintenance of liver RNA, following prolactin injec
tion, is not prevented by indomethacin treatment.

I
CIRCADIAN-DEPENDENT PROLACTIN MECHANISMS IN OSMOREGULATION

INTRODUCTION
A triumph of comparative endocrinology was the discov
ery during the 1950's that prolactin is an important water
and ion regulating hormone in teleost fishes.

Although

hypophysectomized killifish (Fundulus heteroclitus) survive
in seawater, they do not survive when held in freshwater
(Pickford, 1953; Burden, 1956).

Treatment with pituitary

preparations and with mammalian prolactin prevent death in
freshwater fishes (Pickford and Phillips, 1959).

A massive

literature has since grown to describe prolactin's osmoregu
latory effects in teleosts (Reviews:

Olivereau and Ball,

1970; Lam, 1972; Ensor and Ball, 1972; Utida et al., 1972;
Johnson, 1973; Bern, 1975).

Consequently, osmoregulatory

roles for prolactin have been studied and described in the
other major vertebrate classes:

Amphibia (Brown and Brown,

1971); Reptilia (Chan et al., 1970); Aves (Phillips and
Ensor, 1972); Mammalia (Horrobin, 1974).

Prolactin's osmo

regulatory influences are currently thought to be a major
component in the diversity of prolactin actions throughout
the vertebrates (Bern and Nicoll, 1968; Horrobin, 1973;
Nicoll, 1974; Bern, 1975).

Prolactin roles in osmoregula

tion are not only phylogenetically diverse; within an
individual, prolactin exerts osmoregulatory influences on
multiple tissues.

Prolactin decreases water permeability

at body surfaces which interface with the environment (gill,
integument, gut, bladder)

(Johnson, 1973; Doneen, 1976).

1
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In both the kidney and bladder, active uptake of ions is
stimulated by prolactin (Pickford et al., 1970; Johnson,
1973).

In the teleost gill, Na+ ions are taken up by a

J,

.

Na -ATPase dependent "pump" and Cl

ions are taken up by

a Cl”/HC03~-ATPase "pump" (Hochachka and Somero, 1973;
deRenzis and Bornancin, 1977) .

Neither device has been

tested with regard to prolactin regulation, but one might
predict prolactin stimulation of either or both mechanisms.
Certain roles for prolactin in fish migrations are
predictable as consequences of its freshwater osmoregula
tory influences.

In ayu (Plecoglossus altivelis) and eels

(Anguilla anguilla) prolactin cell activity is higher
during freshwater migration during seawater migration
(Knowles and Vollrath, 1966; Vollrath, 1966; Honma and
Yoshie, 1974) .

In salmonids (Onchorhynchus spp.) and the

stickleback (Gasterosteus aculeatus) increases in plasma
and pituitary prolactin have been correlated with anadromous
(freshwater) reproductive migrations (Nagahama and Yamamoto,
1970; McKeown and vanOverbeeke, 1972; Lam, 1972).
Although the aforementioned studies point to prolactin
involvement in freshwater migration, recent studies suggest
prolactin roles in both fresh- and saltwater directed migra
tions.

Fundulus grandis, an inhabitant of estuaries along

the northern coast of the Gulf of Mexico, frequents water
of different salinity at different times of the year.
During the winter and spring the fish are found in saline

3

waters and during the summer and early autumn they are found
in freshwater marsh areas (Gunter, 1945; Perret et al.,
1971).

Considering the freshwater adaptive activities of

prolactin one might predict that prolactin injection would
result in freshwater preference.

Fivizzani (1977), however,

observed that prolactin injection for 8 days caused preference
for either salt- or freshwater depending on the time prolac
tin was given relative to daily injections of cortisol.

The

promotion of preference for waters that are either hyposmotic or hyperosmotic, depending upon the time of daily prolacinjections (Fivizzani, 1977), suggests that prolactin's osmo
regulatory effects might also vary at different times of day.
Experiments herein (Experiments A) were designed to
test whether prolactin injection at zero and 8 h after the
onset of the daily photoperiod had different influences on
osmotic regulation, as measured by plasma chloride ion
levels.

The times, 0 and 8 h after "dawn", were chosen to

coincide with times at which the peak of the daily prolactin
rhythm has been shown to occur at warn (28°C) and cool
(20°C) temperatures respectively (Spieler et al., 1978).
Fundulus grandis held under conditions which approximate
the environmental temperature, either during summer (28°C)
or winter/spring (20°C), showed essentially the same circa
dian levels of prolactin except that the peak levels
occurred at "dawn" at 28°C and at 8 h after "dawn" at 20°C.
Although an impressive variety of responses to prolac
tin (fattening, reproductive and behavioral) have been

4

shown to be qualitatively and quantitatively different de
pending upon the time of prolactin treatment (Reviews:
Meier, 1975a,b; Meier and Burns, 1976), the mechanisms
responsible for such variations in response to prolactin
are not understood.

Polypeptide hormones, such as prolac

tin, are generally thought to bind to receptors on respon
sive cells and induce the synthesis of an intracellular
messenger ("second messenger")

(Malkinson, 1975).

Although

there may be a multitude of mechanisms which determine
tissue response to a hormone, two general alternatives are
considered with regard to time of day dependent effects
of prolactin on plasma chloride concentrations.

First,

prolactin might induce synthesis of different second messen
gers (cAMP, cGMP, prostaglandin, etc.) depending upon the
time of day.

Second, the same messenger (i.e., prostagland

in) might be synthesized in response to prolactin at all
times of day but the response of the target tissue to that
messenger might depend upon the time of day.

The possibi

lity that the same substance (prostaglandin E-i) might medi
ate osmoregulatory influences of prolactin was investigated
late (Experiments B) and early (Experiments C) in the day.
Non-steroidal anti-inflammatory drugs (indomethacin,
aspirin) were employed because of their well documented
ability to inhibit the biosynthesis of prostaglandins,
apparently through competitive inhibition of the activity
of the complex enzyme "prostaglandin synthetase" (Ferriera
and Vane, 1974; Sammuellson et al., 1975).

MATERIALS AND METHODS
Male Fundulus grand1b (5-9 g body wt.) were collected
in minnow traps at Grand Isle, Louisiana, and were acclimated
for at least 2 weeks to laboratory conditions.

During accli

mation, all fish were held in 80 liter aquaria with dilute
artificial seawater (3%<>) ,

The temperature was 22 + 2°C

and the lighting schedule was LD 11:13 (lights on at 0800 h).
Three days prior to injection, the fish were transferred to
freshwater (less than l%o).
Doses and treatments:

Ovine prolactin (NIH P-S-12;

35 IU/mg), was injected intraperitoneally at a dose of 25 yg
dissolved in 0.02 ml of 0.65% NaCl (pH 8); indomethacin1
(Sigma, lot number 15C-9030) was injected intraperitoneally
at a dose of 100 yg dissolved in 0.02 ml of ethyl alcohol;
E^ (PGEi) (Sigma, lot number 27C-0359) was injected intra
peritoneally at a dose of 100 yg dissolved in 0.02 ml of
ethyl alcohol; aspirin

(Matheson, Coleman and Bell) was

dissolved in the aquarium water at a concentration of 300
mg/35 1 and was buffered by addition of 150 mg NaHC03/35 1
(reagent grade).
At the end of the experimental treatments blood was
taken from the heart by heparinized capillary tubes and

^1-(p-chlorobenzoyl)-5-methoxy-2-methyl-indole-3-aoetic
acid.
2
11a,15-dihydroxy-9-keto-prost-13-enoic acid.
3
acetylsalycylic acid.
5

6

centrifuged.

Plasma chloride concentrations were determined

by amperometric titration against silver ions on a BuchlerCotlove Automatic Titrator.
EXPERIMENTAL PROTOCOLS
Experiments A:

Circadian-Dependent Effects of Prolactin

on Plasma Chloride Concentrations.
■Vehicle (group 1) and prolactin (group 2) injections
were made at 0830.

Blood was collected at 1230.

Vehicle

(group 3) and prolactin (group 4) injections were made in 2
additional groups at 1600.
Experiments B:

Blood was collected at 2000.

Possible Prostaglandin Role in the

Depression of Plasma Chloride by Prolactin.
Test I:

Buffer alone (groups 1, 2, 6) or buffered

aspirin (groups 3, 4, 5) was added to the aquarium at 1500.
Prolactin (groups 2, 3) or its vehicle (groups lr 4) was
injected at 1530.

PGE-j (groups 5r 6) was injected at 1700.

Blood was collected at 1930.
Test II:

Buffer alone (groups 1, 2, 6) or buffered

aspirin (groups 3/ 4, 5) was added to the aquaria at 1500.
Prolactin (groups 2, 3) or its vehicle (groups 1, 4) was
injected at 1530.

PGEi (groups 5, 6) was injected at 1700.

Blood was collected at 1930.
Experiments C:

Prostaglandin Role in the Elevation of

Plasma Chloride by Prolactin.
Test I:

Vehicle (group 2) and prolactin (group 3)

injections were made at 1130 .

Blood was collected at
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1530.

Test II:

Buffer alone (group 1) or buffered aspirin

(group 1) was added to the aquaria at 1100.

Blood was

collected at 1530.
Test III:

Vehicle (group 1) or indomethacin (groups 2,

3) injections were made at 1100.

Prolactin (groups 1, 3)

or its vehicle (group 2) was injected at 1130.

Blood was

collected at 1530.
Test IV:

Buffer alone (group 1) or buffered aspirin

(groups 2, 3) was added to the aquaria at 1100.

Prolactin

(groups 1, 3) or its vehicle (group 2) was injected at 1130.
Blood was taken at 1530.
Test V:
1100.

Indomethacin (groups 1, 2) was injected at

PGEi (group 2) or its vehicle (group 1) was injected

at 1130.

Blood was taken at 1400.

Test VI:

Buffered aspirin (groups 1, 2) was added to

the aquaria at 1100.
was injected at 1130.

PGEi (group 2) or vehicle (group 1)
Blood was taken at 1400.

RESULTS
Experiments A:

Circadian Dependent Effects of Prolac

tin on Plasma Chloride Concentration.
Prolactin injections either elevated or depressed plas
ma chloride concentrations depending on the time of day in
jections were made (Figure 1).

When prolactin was injected

early in the day (0.5 h post-dawn), plasma chloride concen
tration,

[Cl-], was elevated (128.4 mM) relative to vehicle-

injected controls (122.5 mM? P < 0.03).

When prolactin was

injected late in the day (8 h post-dawn) plasma [Cl ] was
significantly less (119.7) than vehicle-injected controls
(126.0; P < 0.003) .
Experiments B:

Possible Prostaglandin Role in the

Depression of Plasma Chloride by Prolactin.
Two tests examined the possibility that elevated pros
taglandin synthesis is a part of the mechanism by which pro
lactin depresses plasma chloride levels when injected late
during the day.

In Test 1 (Table I), plasma [Cl-] in

vehicle-injected controls was 145.7 mM; prolactin injection
led to depressed [Cl-] (129.6 mM; P < 0.05).
resulted in depressed [Cl-] (130.5 mM).

Aspirin alone

Prolactin injection

into aspirin-treated fish did not further depress [Cl-]
(127.1 mM).

Injection of PGEi (groups 5, 6) resulted in

diminished [Cl-] in either aspirin (127.0 mM) or non-aspirin
treated fish (136.9 mM).

The treatments were later adminis

tered to additional groups of fish (Table I, Test 2).
8
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Figure 1.

Effects of prolactin administration 0 hours
(left) and 8 hours after dawn (right) on plasma
chloride concentrations (mM) in Fundulus grandis.
S.E. = standard error of the mean.

MORNING

S
P
AFTERNOON
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Table I.

Effects of Afternoon Administration of Prolactin,
Aspirin, and Prostaglandin Ei on Plasma Chloride
Concentrations (mM) in Fundulus grandis.
Test l1

Group

Treatment

Plasma [Cl-] X + s.e. (N)

1

Vehicle Control

145.7 + 3.7 (8)a

2

Vehicle + Aspirin Control

130.5 + 4.4 (9)b

3

Prolactin

129.6 + 2.7 (8)b

4

Aspirin + Prolactin

127.1 + 3.1 (8)b

5

Aspirin + PGEi

127.0 + 2.9 (8)b

6

PGEi

136.9 + 2.6 (9)ab

Test 2 1
1

Vehicle Control

124.9 + 2.1 (6)a

2

Vehicle + Aspirin Control

115.0 + 5.4 (6)a

3

Prolactin

101.6 + 5.4 (7)b

4

Aspirin + Prolactin

122.0 + 3.5 (10)a

5

Aspirin + PGEi

6

PGEi

94.9 + 5.0 (7)C
110.1 + 6.5 (5)b

P < 0.01 Analysis of variance; Groups bearing different
superscripts are significantly different (P < 0.05) from
one another, Studentized range test.
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Prolactin injection during the afternoon again resulted in
significant depression of plasma chloride concentrations
(124.9 mM vs. 101.6 mM; P < 0.05).

Aspirin pretreatment

blocked the depressing effect of prolactin (122 mM).
Aspirin-treated fish had [Cl”] of 115.0 mM.

Prostaglandin

injection resulted in diminished [Cl~] (groups 5, 6).
Experiments C:

Prostaglandin Role in the Elevation of

Plasma Chloride by Prolactin.
Vehicle injection stress depressed [Cl“] (132.1 mM)
relative to uninjected fish (145.7 mM)(P < 0.002; Table II,
Test I).

Relative to vehicle-injected fish, prolactin sig

nificantly elevated [Cl“] when injected in the morning
(132.1 vs. 143.8 mM; P < 0.002).

Buffered aspirin (Test II,

P < 0.02) depressed [Cl”] from 145.6 (buffer-treated) to
135.6 mM.

In Test III the chloride concentrations in all

groups were considerably lower than expected values
presumably as a result of the stress of two injections.
The mean [Cl”] of indomethacin treated fish was 103.5 mM.
Prolactin in combinations with indomethacin did not increase
the [Cl ] (103.2 mM) which appeared to be less than that of
the prolactin-treated fish (110.8 mM) (P < 0.08).
The injection stress was diminished in Test IV by
substituting aspirin dissolved in the aquarium water for
indomethacin injections.
fish was 130.5 mM.

The mean [Cl”] in aspirin-treated

Prolactin in combination with aspirin

did not significantly increase [Cl”] (132.6 mM), whereas
prolactin treatment alone resulted in a mean [Cl"] of

13

Table II.

Effects of Morning Administration of Prolactin
Inhibitors of Prostaglandin Synthesis and
Prostaglandin E<i on Plasma Chloride Concentra
tions (mM) in Fundulus grandis.

Group

Treatment

I

1
2
3

Untreated
Vehicle
Prolactin

145.7 + 2.6 (6)
132.1 + 2.1 (6)1
143.8 + 2.0 (6)2

II

1
2

Buffer
Aspirin

145.6 + 2.9 (6)
135.2 + 2.9 (6)3

III

1
2
3

Prolactin
Indomethacin
Indomethacin +
Prolactin

110.8 + 2.2 (10)
103.5 + 3.0 (9)
103.2 + 3.5 (10)“

IV

1
2
3

Prolactin
Aspirin
Aspirin +
Prolactin

141.7 + 2.2 (8)5
130.5 + 3.4 (8)
132.6 + 2.5 (10)

V

1
2

Indomethacin
Indomethacin +
PGEi

103.7 + 2.8 (9)
111.9 + 2.0 (9) e

VI

1
2

Aspirin
Aspirin + PGE-i

123.7 + 2.4 (8)
131.1 + 2.4 (9) 6

Test

i

2

Plasma [Cl ’] X + s.e. (N)

Significantly less (P < 0.002) than untreated controls,
Student's t-test (two-tailed).
Significantly greater (P < 0.002) than vehicle injected
controls, Student's t-test (two-tailed).

3P <

0.02, Student's t-test

(two-tailed).

4
P < 0.08, Analysis of variance.
5
P < 0.02, Analysis of variance.
®P <

0.03, Student's t-test

(two-tailed).
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141.7 mM (P < 0.02) .
Injections of prostaglandin Ei combined with indometha
cin elevated [Cl~] (111.9 mM) compared with that (103.7 mM)
found in indomethacin-treated fish (Test V) (P < 0.03).
Similarly, PGEi increased [Cl**] in aspirin-treated fish from
123.7 to 131.1 mM (Test VI; P < 0.03).

DISCUSSION
The role of prolactin in teleostean osmoregulation has
been predicated on the idea that prolactin is a "freshwateradapting” hormone.

Prolactin has been observed to be a

requirement for freshwater survival in several species,
most notably Fundulus heteroclitus, a close relative of the
species used in the present studies (Pickford and Philips,
1959).

Prolactin producing cells are more active in young

eels moving into freshwater than in adult eels migrating
into sea water (Knowles and Vollrath, 1966; Vollrath, 1966).
Specific prolactin actions which contribute to fresh
water osmotic and ionic balance have been observed.

Prolac

tin increases kidney Na+/K+-ATPase activity (Pickford et
al., 1970), which contributes to retention of electrolytes.
Sodium/K -ATPase in the gill is linked to the outward
transport of ions characteristic of sea water osmoregulation
and in the gill prolactin decreases Na+/K+-ATPase activity
(Pickford et al., 1970).

Prolactin reduces water perme

ability at the body surfaces which interface with the
environment, i.e., gill, gut and urinary bladder (Bern,
1975}, and participates in the osmotic adaptation of anadromous fishes during their migration into freshwater
(Nagahama and Yamamoto, 1970; McKeown and vanOverbeeke,
1972; Lam, 1972; Honma and Yoshie, 1974).
Occasionally data have conflicted with the interpreta
tion that prolactin, in all situations, promotes freshwater
15
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adaptation.

Prolactin cell secretory activity is high in

seawater adapted adult salmon, Oncorhynchus nerka (McKeown
and vanOverbeeke, 1972) and mullet, Mugil cephalus
(Abraham, 1974).

Prolactin increases water permeability of

gill and/or skin of the goldfish (Lahlou and Giordan, 1970),
an activity quite contrary to those of a "freshwateradapting" hormone.
The data presented herein (Figure 1) demonstrate that
prolactin may have osmoregulatory effects which seem either
"freshwater adapting" or "seawater adapting" depending upon
the time during the day when prolactin is administered.
Prolactin injection during the morning (0-3 h after lights
on) causes elevation of plasma chloride concentration.

This

electrolyte-retaining influence is valuable in freshwater
adaptation.

Prolactin injection made during the afternoon

(7.5-8 h after lights on) resulted in depressed plasma chlo
ride levels, an influence valuable in seawater adapation.
Because initial control and final untreated controls are not
available, it is not possible to fully explain the changes
resulting from experimental injections.

Vasopressin contam

ination (Bond et al., 1976) could not account for prolactin's
actions in this teleost system.

Vasopressin, even at levels

103 times higher than those in this prolactin preparation
show no measurable activity (Maetz, 1961).
Prolactin influences on plasma [Cl ] provide further
evidence supporting the theory that seasonal conditions in
the Gulf killifish are controlled by the changing temporal
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pattern of the circadian prolactin rhythm (Meier et al.,
1978) .

Prolactin injection in the morning is equivalent to

the time that the prolactin rhythm peaks under "summer”
environments (LD 15:9, 28°C) and induces "summer" conditions
(low body fat, gonadal regression, and freshwater osmoregu
latory disposition).

Afternoon (8 h after dawn) prolactin

injection is equivalent to the time that the prolactin
rhythm peaks under winter/spring environments (LD 9:15, 20°C)
and induces winter/spring conditions (high fat, gonadal
growth, saltwater osmoregulatory disposition).
As mentioned previously (Introduction), the actions of
prolactin in osmoregulation are extremely diverse both phylogenetically and physiologically.

This diversity has led

several workers to conclude that no generalizations or common
mechanisms can account for prolactin actions (Utida et al.,
1972; Bern, 1975).

On the other hand, recent studies of the

cellular mediation of hormone action have provided many gen
eralizations where none were previously observed.

Compara

tive endocrinology has been slow to recognize the potential
in this area of research.
In two very different tissues, mammary gland (Rillema,
1975) and mesenteric vascular bed (Horrobin et al., 1976),
prolactin has already been demonstrated to exert its influ
ence by stimulating the synthesis of prostaglandin.

Results

presented above demonstrate that prostaglandin synthesis is
apparently also the mechanism by which part of all of pro
lactin's osmoregulatory effects are mediated.
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Further tests will be required to fully elucidate the
mediation of prolactin's chloride depressing effect.

When

injected during the afternoon, prostaglandin Ei depressed
[Cl"] similarly to prolactin.

Aspirin + vehicle control

fish tended to have lower [Cl-] than vehicle control fish.
In Test 1 vehicle only [Cl~] were relatively high (145 mM)
and aspirin + vehicle was significantly less (130.5 mM);
in Test 2 control levels were lower (124.9 mM) and aspirin
+ vehicle was not statistically less (115.0 mM).

This find

ing seems to indicate that synthesis of prostaglandin is
more necessary to maintain higher [Cl”] levels than to main
tain lower levels.

Although prolactin injection significant

ly depressed [Cl-] below vehicle-treated controls, no signi
ficant [Cl-] depression was observed in prolactin + aspirin
treated fish compared with aspirin controls.

If prolactin

depressed [Cl-] by a mechanism independent of prostaglandin
synthesis one would predict that [Cl-] would be less in
prolactin + aspirin treated fish than in fish treated with
aspirin alone.

P6E 1 injection during the afternoon caused

[Cl-] depression which is additive to aspirin's effect.
Prolactin injection early during the day elevates the
plasma chloride concentration, [Cl-], in Fundulus grandis
by stimulating prostaglandin synthesis.

This conclusion is

supported by a series of tests which demonstrate that inhib
itors of prostaglandin synthesis block prolactin-induced
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elevation of [Cl- ] and prostaglandin Ei mimics prolactin's
effect when injected early in the day.

In seawater-adapted

mullet Pic (1975) observed that either PGEi or PGFaot inhib
ited efflux of electrolyte (Na+ , Cl”) at the gill.

This

prostaglandin action on the gill is equivalent to the inhib
ition of gill electrolyte efflux, which has been observed
following prolactin treatment (Pickford et al., 1970; Maetz,
1970; Dharmamba et al., 1973).
Some antagonistic effects of prolactin and corticoster
oid hormones on teleostean osmoregulation may be considered
in terms of prostaglandin mediation.

Whereas prolactin ap

parently stimulates prostaglandin synthesis in mammary
(Rillema, 1975), vascular (Horrobin et al., 1976a), and pos
sibly gill tissues (present study), corticosteroids depress
prostaglandin synthesis in vascular tissue, rhematoid synovia,
and fibrosarcoma (Kantrowitz et al., 1975; Tashjian et al.,
1975; Horrobin et al., 1976a).

From data concerning antag

onisms between prolactin and corticosteroid in rat mesenteric
vascular bed, Horrobin and coworkers (1976) hypothesized
that many or most prolactin/corticosteroid interactions might
be understood in terms of antagonistic effects on prosta
glandin synthesis.

However, prostaglandins appear to mediate

at least part of prolactin's chloride depressing effect
(Table I).

This effect is evident during the afternoon, a

time during which corticosteroids are high (Srivastava and
Meier, 1972; Garcia and Meier, 1973).

In addition, corti

costeroids are required for prolactin-induced prostaglandin
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synthesis in mammary tissue (Rillema, 1975).

The mechanisms

of prolactin/corticosteroid interactions therefore must be
more complex than simply antagonism with regard to prosta
glandin synthesis.
Further studies of prolactin action with regard to osmo
regulation must carefully consider the involvement of circa
dian rhythms.

The literature regarding hormonal control of

teleost osmoregulation is complex and often contradictory;
the clearest generalizations are that corticosteroid hormone
and prolactin play pivotal roles (Johnson, 1973; Bern, 1975).
Circadian rhythms are characteristically observed for both
corticosteroid and prolactin secretion (Review: Meier, 1975a).
Consideration of their rhythmic influences will resolve many
questions.
Another ignored aspect of prolactin action in osmoregu
lation is the immediate mechanism through which prolactin
acts.

Studies of prolactin effects on osmoregulation have

generally observed changes taking place over several days
(Utida et al,, 1972; Bern, 1975; Doneen, 1976).

Such changes

(permeability, cell proliferation, transport enzymes) are
probably many steps removed from the immediate mechanisms
through which prolactin acts.

Further consideration of the

roles of prostaglandins and other possible mediators should
substantially clarify the means through which prolactin con
tributes to teleostean osmoregulation.

Such considerations

can provide important generalizations around which a more
thorough understanding of hormone action in osmoregulation
can grow.

II
CIRCADIAN-DEPENDENT ACTIONS OF PROLACTIN
IN HEPATIC LIPOGENESIS

INTRODUCTION
Occasionally biological phenomena are discovered
whose influences are so pervasive that biologists of all
disciplines can ill-afford to ignore the impact of these
phenomena on their subjects.

Such was the case with the

cell theory, the concept of homeostatic regulatory mechan
isms and the description of adaptive change growing out of
evolutionary genetics.

The "physiological clock" (Bunning,

1973), which is characteristic of all eukaryotic organisms
is today such a phenomenon.

Most forms of adaptation on a

rhythmic planet require that developmental, physiological
and behavioral events be timed to coincide with favorable
environmental circumstances.

The bases for such timing in

eukaryotes are internal physiological cycles approximating
a 24 h day (circa - about; dien - day = circadian).

Many

phenomena which recur predictably have already been shown to
be controlled by circadian rhythms:

flowering (Bunning,

1936)• insect diapause (Saunders, 1970); reproduction and
migration in birds (Wolfson, 1960), and the rodent estrous
cycle (Alieva et al., 1971) to name a few.
Because most rhythmically recurring phenomena require
judicious parcelling out of energy reserves, it is not sur
prising to find that lipid stores increase and decrease
predictably in many animals (Review: Derickson, 1976) .

A

circadian basis for the control of seasonal increases and
decreases in body lipids has recently been described for a
21
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variety of vertebrate animals (Review: Meier and Burns,
1976).

The basis for regulating body lipids in vertebrates

involves interactions between the circadian rhythms of corti
costeroid hormone and pituitary prolactin.

Species tested

have included representative fishes, amphibians, reptiles,
birds and mammals.

In all instances, prolactin treatment

in different temporal relationships with a rhythm of corti
costeroid hormone results in either increased or decreased
levels of body fat.
In the Gulf killifish, Fundulus grandis, prolactin
injection for 8 days results in marked accumulation of body
and liver fat when the injections are made at 8 h after
"dawn".

Prolactin injection at "dawn” results in depressed

fat levels (Joseph and Meier, 1971).

Photoperiodic synchron

ization of the rhythm of response to prolactin is accom
plished through photoperiodic control of the cortisol rhythm.
In fish held on constant bright light to remove the photo
periodic entrainment of the cortisol rhythm, prolactin injec
tions administered with daily cortisol injections (0 h rela
tion) results in marked stimulation of liver fat.

Prolactin

injections 16 h after daily cortisol injections results in
depressed liver fat (Meier et al., 1971a; Fivizzani, 1977).
Because the endogenous cortisol rhythm peaks at 8 h after
"dawn” in fish held on photoperiodic cycles (Srivastava and
Meier, 1972; Garcia and Meier, 1973), prolactin injection
at 8 h after "dawn" produces a 0 h relation with the endo
genous cortisol peak, therefore fat gain, and prolactin
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injection at "dawn" produces a 16 h relation with the corti
sol peak of the previous day, therefore fat loss.

Altera

tions of physiological conditions resulting from changing
relations of hormone rhythms are called "temporal synergisms"
(Meier et al., 1971a).

similar data have described temporal

synergisms of corticosteroids and prolactin in control of
body lipid in lizards (Anolis carolinensis), sparrows
(Zonotrichia albicollis, Passer domesticus), pigeons
(Columbia livia), quail (Coturnix coturnix), hamsters
(Mesocricetus auratus) and other species (Reviews, Meier,
1975a? Meier and Burns, 1976).

The broad phylogenetic

distribution of temporal synergisms and the central role
of lipid stores in seasonal cycles attest to the fundament
al importance of the mechanisms involved.
The studies described herein were initiated to more
clearly elucidate the mechanisms by which the circadian
rhythms of corticosteroid hormone and prolactin interact
on hepatic tissue to produce alterations in fat levels.
The species tested was Fundulus grandis, a teleostean fish
in the family Cyprinodontidae.

A basic reason for using

fish is that the liver is both the major site of lipid
synthesis and a lipid storage depot, sometimes storing 50%
or more of the body lipid (Shul’man, 1974).

Storage of

lipid in the liver resolves problems encountered in studies
of induced lipogenesis.

Meier (1977) observed a daily

rhythm of lipogenesis in sparrow liver tissue.

However,

the rate of hepatic lipogenesis was indistinguishable
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between fat and lean birds because lipid was quickly trans
ported away from the liver; total body extraction of lipids
was required to reveal a greatly elevated rate of lipogene
sis in fat birds.

In mammals, such as the laboratory rat,

the liver is often perfused for hepatic lipogenesis studies
in order that lipid leaving the liver can be collected
(Imesch and Rous, 1976).

This complex methodology is avoid

ed by studying fishes because lipid can be directly measured
in the liver.

Fundulus grandis in particular was chosen

because its circadian rhythms of cortisol (the major corti
costeroid) and prolactin have been studied extensively and
effects of photoperiod and temperature on these rhythms have
been described (Srivastava and Meier, 1972; Garcia and Meier,
1973; Spieler, 1975; Spieler et al., 1978).
Two directions were chosen for these studies.

The first

was to determine whether the circadian-dependent effects of
prolactin on the rates of hepatic lipogenesis result from
rapid change in lipogenic activity or require long-term re
direction of hepatic metabolism which follows induction of
RNA and enzyme synthesis.

Tests were also performed to

determine whether both "dawn" and "afternoon" effects of
prolactin are mediated by prolactin-induction of prosta
glandin synthesis.
Pardo and deVlaming (1976) concluded that prolactin
has an immediate stimulatory effect on hepatic lipogenesis.
In goldfish liver slices, prolactin appeared to cause signi
ficant increases in amounts of lipid within only 6 hours.
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However, Pardo and deVlaming's studies contain substantial
methodological problems; others have been unable to gather
supporting data {Meier, unpublished).

Lipid levels were

expressed as fractions of tissue weight; therefore changes
in other components of the tissue (i.e., glycogen stores)
which might be caused by prolactin, could also change that
ratio.

The dose of prolactin to which the tissues responded

(100 yg/ml) was pharmacological.

Although the tissues did

not respond similarly to 100 yg/ml of bovine serum albumin,
it is impossible to conclude that the tissue response was
prolactin-specific.

The alternative, that prolactin induces

the synthesis of enzyme reguired for lipogenesis is support
ed in a study by Leatherland et al. (1976).

Leatherland

and coworkers reported that prolactin injection at 10 h
after "dawn" increased the levels of an enzyme important
for lipogenesis.

Similarly, prolactin elevation of

lipogenesis in mammary tissue results from induction of the
several components of the enzyme complex "fatty-acid synthe
tase" (Hallowes et al., 1973; Speake et al., 1975, 1976).
The mediation of prolactin influences on target tissues
has remained an intriguing question.

A preponderance of

literature has suggested that a common denominator among
many hormone actions is hormone-induced cyclic nucleotide
(usually cyclic AMP) synthesis (Malkinson, 1975) .

However,

literature relating to c-AMP mediation of prolactin activity
is most notable by its paucity:

a single abstract relates

a prolactin effect (cropsac growth) to increased c-AMP
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synthesis (Shani et al., 1976).

Prostaglandins, on the

other hand, are apparent mediators of several prolactin
effects including mammotropic influences (Rillema, 1975,
1976), vascular sensitivity (Horrobin et al., 1976a,b) and
plasma electrolyte elevation (Horseman and Meier, 1978).
Prostaglandins, a family of 20 carbon derivatives of unsatur
ated fatty acids, are ubiquitous and their demonstrated
activities pervade all aspects of metabolic regulation
(Reviews: Ramwell and Shaw, 1970? Ramwell, 1974; Samuellson
et a l ., 1975) .

Because of the highly diverse actions of

both prolactin and prostaglandin it seems plausible that
prolactin-induced prostaglandin synthesis might be a “common
denominator" among prolactin actions.

On the other hand,

there may be more than a single type of mediator of prolac
tin action; cyclic AMP has been suggested as a mediator of
prolactin's cropsac effect (Shani et al^., 1976).

As

yet no hormone has been clearly demonstrated to employ more
than one type of cellular mediator.

Some of the tests that

follow were designed to test whether prostaglandins mediate
prolactin effects on the liver at two different times of day
in order to determine whether similar or different means of
mediation are employed at those two times of day.

Indometh-

acin, a non-steroidal anti-inflammatory drug, was employed
because of its well documented ability to inhibit the conver
sion of precursors (unsaturated fatty acids) into prosta
glandins (Ferriera and Vane, 1974; Samuellson et al., 1975).

MATERIALS AND METHODS
Male Fundulus grandis (8-12 g body weight) were
collected in minnow traps at Grand Isle, Louisiana, and
acclimated in 80 liter aquaria for at least 2 weeks.

All

fish were kept at 21 + 2°C and 3 parts per thousand salinity.
The daily light cycle was LD 12:12 (lights on at 0800).
Unless otherwise noted the fish were under light anesthesia
during experiments.

One hundred mg/1 MS-2221 was dissolved

in aquarium water buffered in pH 7.0 with .1 N NaOH.

Buf

fering prevents stress reactions observed in fishes anes
thetized with unbuffered MS-222 (Wedemeyer, 1970).

Compari

sons between two means were made by two-tailed Student's ttests.

Analyses of variance compared multiple groups (Sokal

and Rohlf, 1969).
Prolactin Effects on 1‘'C-acetate Incorporation into
Liver Lipids.
Fifty-eight fish were used in groups of 5-10 each.
Ovine prolactin2 was injected intraperitoneally at a
dose of 20 U9 in 0.02 ml of 0.65% NaCl (pH 8.0).

Indometh-

acin was injected intraperitoneally at a dose of 100 yg
suspended in 0.02 ml of 0.65% NaCl.

Prolactin or saline

vehicle was injected at either 0 h or 8 h after "dawn".

1Ethyl-m-euninobenzoate methane sulfonic acid; Sigma
lot no. 12C-1190.
2NIH-P-S-12; 35 IU/mg.
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After either 10 min, 4 h, 10 h or 24 h all fish were inject
ed with 1 yCi of 14C-labelled acetate3 dissolved in 0.02 ml
of sterile water.

The fish were killed 15 min after acetate

injection; livers were immediately frozen on dry ice and
then stored at -22°C.

Total liver lipids were extracted

for assay by the method of Polch et al. (1957) .

The tech

nique involves total lipid extraction into chloroform:
methanol (2:1) solvent followed by removal of non-lipids
by addition of water.

Lipids remain in the organic phase

and non-lipids are extracted into an aqueous phase.

The

lipid residue after evaporation of the solvent was dissolved
in scintillation fluor (10 mis; 11 g terphenyl/1 toluene)
and radioactivity was measured on a Beckman LS-100 scintil
lation counter.
Fish assayed for lipogenesis 10 min after injections
were held under MS-222 anesthesia; all others were unanes
thetized.
Prolactin Effects on Liver RNA In Vivo.
Ninety-four fish were used in groups of 11-21 each.
Prolactin (20 yg in 0.02 ml, 0.65% NaCl; pH 8.0),
indomethacin (100 yg in 0.02 ml, 0.65% NaCl) and/or vehicle
injections were made at 0 h or 8 h after "dawn".

After

three hours each fish was injected with 4 yCi of 3H-labelled
uridine.4

One hour after label injection the fish were

Sodium l-14C-acetate; New England Nuclear; 45-16 mCi/
mMole.
4
New England Nuclear; >25 Ci/mMole.
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killed; their livers were removed, frozen in dry ice and
stored at -22°C.
Total nucleic acid (RNA + DNA) was extracted by a modi
fication of the method of Schneider (1945).

Livers (100-300

mg) were weighed, homogenized in 2.5 ml cold (2°C) water
and extracted as duplicate samples of 1 ml each.

Acid in

soluble components (protein and nucleic acid) were precipi
tated by addition of an equal volume (1 ml ) of cold (0°C)
16% trichloroacetic acid (TCA) in water.

Four volumes (8 ml)

of 8% TCA in acetone were then added to dissolve lipid.
Samples were spun at 10,000 RPM (12,000 X g) for 10 minutes,
after which the supernatant fraction was discarded.

After

the samples dried, nucleic acid was hydrolyzed and extracted
from them by incubation for 15 min with 2 ml of 0.5 M hot
(70°C) perchloric acid.

An aliquot (1 ml) was counted for

determination of tritium activity (18% counting efficiency)
while a second aliquot (0.2 ml) of the extract containing
nucleic acid was assayed for total RNA content by the orcinol reagent test:(Schneider, 1945).

Values for RNA synthe

sis are expressed as DPM of uridine incorporated relative
to the RNA content of the liver.

Total amounts of RNA

relative to liver size were also evaluated.
Prolactin Stimulation of RNA Synthesis In Vitro.
Livers were removed from male Fundulus grandis 6 h
after onset of the daily photoperiod.

Then they were placed

in cold Minimum Essential Medium (Eagle) containing Hank's
salts (MEM) and sliced into pieces weighing 3-4 mg.

Explants

30

were assigned to treatment flasks (60 ml square glass) con
taining 2 ml of MEM so that each flask received liver slices
from three different fish ('vlO mg liver/flask) and flasks
were laid sideways so that the slices were at the air/fluid
interface.

Flasks were shaken on a Dubnoff metabolic shaker

at *v>40 cycles per minute at 21°C.

Two hours after the livers

were dissected out, i.e., 8 h after lights on, explants were
treated with the following:

vehicle control (0.02 ml);

prolactin (various doses in 0.02 ml sterile water); indomethacin (20 ug) and ovine prolactin (1.0 yg in 0.02 ml sterile
water); prostaglandin F 2a5 (i0 U9 in 0.02 ml sterile water).
Four explants, each representing a pool of liver slices from
3 fish, were exposed to each treatment.

Three hours after

treatment each flask received 1.0 uCi of 3H-uridine in 0.01
ml of sterile water; 1 h after label treatment metabolic
activity in the explants was stopped by placing the flasks
into a dry ice/acetone bath.

The explants were stored

frozen (-22°C) for 2 days, after which tissue slices were
extracted as described before to measure the incorporation
of 3H-uridine (RNA synthesis).

^9a,11a,15-tryhydroxy-prosta-5,13-dienoic acid.

RESULTS
Prolactin Effects on 14C-acetate incorporation into
Liver Lipids.
Hepatic lipogenesis, assayed during 15 minute periods
beginning either 10 minutes (0.12 h) or 10 hours after
morning injections is detailed in Table III.

Morning pro

lactin injection results in an immediate depression of
hepatic lipogenesis.

Incorporation of radioactive precursor

into liver lipid (CPM/mg liver) is depressed to 51% of
control levels 10 minutes following morning prolactin injec
tion.

Ten hours following morning injection, lipogenesis

is not significantly different in prolactin-treated (43.4
CPM/mg liver) compared with saline-control fish (48.9 CPM/
mg liver).
Data in Table IV describe hepatic lipogenesis at
various times following afternoon (8 h after dawn) injec
tions.

Similar to the effect of morning prolactin injec

tion, the immediate effect of afternoon prolactin injection
is a substantial depression of lipogenesis (prolactin 21%
of control).

However, in contrast to prolactin’s morning

effect, there is a gradual, marked elevation of lipogenesis
following afternoon prolactin injection.

At 4 h post

injection lipogenesis in prolactin-treated fish is 78% of
control; at 10 h lipogenesis in prolactin-treated fish is
177% of controls.

Twenty-four hours following afternoon

prolactin injection lipogenesis is significantly elevated
31
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Table III.

Time-course of Incorporation of Radioactive
Carbon (1‘‘C-acetate) into Liver Lipid of
Fundulus grandis Following Morning Prolactin
Injection.

Time of Assay
(hours post
injection)

0.12

10

Lipogenesis
Prolactin
(X + S.E.)
Effect
CPM/mg liver (% of Control)

Treatment

N

Saline

8

38.2+5.4

Prolactin

6

19.6+3.51

Saline

9

48.9+12.3

Prolactin

9

43.4+22.22

^"Significantly less than Control:
test, two-tailed.
2
Not significant: P ^ 0.80.

51%

89%

P < 0.02; Student's t
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Table IV.

Time-course of Incorporation of Radioactive
Carbon (1aC-acetate) into Liver Lipid of
Fundulus grandis Following Afternoon Prolactin
Injection.

Time of Assay
(hours post
injection)
0.12

4

10

24

Treatment

N

Lipogenesis
(X + S.E.)
CPM/mg liver

Saline

6

129.4+27.6

Prolactin

5

26.9+6.51

Saline

7

874.7+110.0

Prolactin

7

679.0+135.03

Saline

10

160.0+44.7

Prolactin

10

282.8+87.03

Saline

9

403.0+111.2

Prolactin

8

918.5+206.1“

Prolactin
+ Indo
me thacin

10

Prolactin
Effect
{% of Control)

21%

78%

177%

228%

426.2+135.6

"^Significantly less than Control: P < 0.01; Student's ttest, two-tailed.
2
Not significant: P ^ 0.30.
3
Not significant: P 'v 0.25.
4
Significantly greater than Control or Prolactin + Indometh
cin: P < 0.025; Analysis of variance, one-way.
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(P < 0.025) to 228% of saline control levels.

Whereas

lipogenesis in fish treated with prolactin (918.5 CPM/mg
liver) is significantly higher than saline controls (403.0
CPM/mg liver), treatment with indomethacin in addition to
prolactin prevents elevated lipogenesis (426.2 CPM/mg
liver).
Prolactin Effects on Liver RNA Metabolism In Vivo.
Relative rates of RNA synthesis (DPM/yg RNA) and the
quantities of liver RNA (% liver weight) are depicted in
Figures 2 (morning treatments) and 3 (afternoon treatments).
Following morning treatment (Figure 2, left) the relative
rate of RNA synthesis is less in prolactin treated fish
(1.18 + .24 DPM/yg RNA) than
RNA)

(P < 0.04) .

in controls (2.14 + .33 DPM/yg

Rather than reflecting a change in the

absolute rate of 3H-uridine incorporation, the decreased
relative synthetic rate results from a substantially higher
level of total liver RNA in prolactin-treated fish (2.58 +
.36%) than in controls (1.49 + .31%).
Prolactin injection in the afternoon causes a marked
increase in the relative rate of RNA synthesis (Figure 3,
left:

controls = 1.04 + .14 DPM/yg RNA; prolactin = 2.29

+ .44 DPM/yg RNA;

P < 0.01).Total liver RNA levels

were

not different in prolactin-treated compared with control
fish (Figure 3, right), thereby confirming that prolactin
increases the absolute rate of 3H-uridine incorporation
(i.e., RNA synthesis).
The influence of prolactin injection in the morning is

Figure 2.

Effects of prolactin administration in the
morning (0 hours after dawn) on 3H-uridine
incorporation (left) and total liver RNA
levels (right) in Fundulus grandis.
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Figure 3.

Effects of prolactin administration in the
afternoon (8 hours after dawn) on 3H-uridine
incorporation (left) and total liver RNA
levels (right) in Fundulus grandis.
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not blocked by treatment with indomethacin (Figure 4).
Control fish (2.14 + .33 DPM/yg RNA) were not different
from indomethacin-treated fish (2.53 + .51 DPM/yg RNA).
Values following prolactin treatment (1.18 + .24 DPM/yg RNA)
were not different from values following prolactin given in
combination with methacin (0.88 + .19 DPM/yg RNA).
Indomethacin blocks the influence of afternoon prolac
tin injection on liver RNA synthesis (Figure 5).

Control

fish (1.04 + .14 DPM/yg RNA) were not different from indo
methacin-treated (1.30 + .25 DPM/yg RNA).

Prolactin's

significant stimulation of RNA synthesis (2.29 + .44 DPM/yg
RNA) was prevented by simultaneous injection of indomethacin
along with prolactin (1.20 + .25 DPM/yg RNA).
Prolactin Stimulation of RNA Synthesis In Vitro.
Figure 6 displays the amount of 3H-uridine (DPM) incor
porated into RNA during incubation with various doses of
prolactin during the afternoon.

Control liver slices incor

porated 398 + 26 DPM/explant and 0.05 yg/ml of prolactin was
without significant effect (406 + 44 DPM/explant).

Incuba

tion with prolactin at 0.25 and 0.5 yg/ml increased 3Huridine incorporation (i.e., RNA synthesis) to 539 + 21 and
667 + 49 DPM/explant respectively.

Higher doses of prolac

tin (1.0 and 2.0 yg/ml) had less effect on uridine corpora
tion than did 0.5 yg/ml.

Incubation of liver slices with

prolactin at a dose of 0.5 yg/ml (2.3 x 10 5 M) was found to
maximally stimulate uridine incorporation.
Prolactin at a dose of 0.5 yg/ml had less of a stimula-
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Figure 4.

Effects of prolactin and a blocker of prosta
glandin synthesis (indomethacin, IM) administered
in the morning on 3H-uridine incorporation into
liver RNA of Fundulus grandis.
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Prolactin

Im+Prol.
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Figure 5.

Effects of prolactin and a blocker of prosta
glandin synthesis (indomethacin, IM) administered
in the afternoon on 3H-uridine incorporation
into liver ENA of Fundulus grandis.
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Figure 6.

Log dose-response curve for 3H-uridine
incorporation (DPM/explant, abcissa) at
various concentrations of ovine prolactin
(ordinate).

Fundulus grandis liver explants.
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tory effect on uridine incorporation when indomethacin was
present in the medium (531 + 51 DPM/explant) than when
indomethacln was absent (667 + 49 DPM/explant).

Incubation

of liver slices with prostaglandin p2a (PGFaar 5 yg/ml)
mimicked prolactin's stimulation of uridine incorporation
(717 + 88 DPM/explant)

(Figure 7).
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Figure 7.

Prostaglandin participation in the in vitro
stimulation of RNA synthesis (3H-uridine
incorporation, DPM/explant) by prolactin.
C = control; P = prolactin (0.5 yg/ml);
P + IM = prolactin + indomethacin (10 yg/ml);
PGFa - prostaglandin F2a (10 yg/ml).
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DISCUSSION
Induction of elevated levels of body fat by afternoon
prolactin treatment appears to involve substantial reorgani
zation of the metabolic activity of lipogenic tissue (i.e.,
liver).

The immediate effect of prolactin upon Fundulus

grandis liver tissue leads to decreased incorporation of
precursor (1**C-acetate) into lipid (Tables III, IV) .

This

effect occurs following either morning or afternoon prolac
tin injection even though several daily prolactin injections
during the afternoon lead to fattening (Joseph and Meier,
1971).

This immediate effect of prolactin (decreased lipo-

genesis) might result either from direct inhibition of enzy
matic reactions of lipogenesis or from alteration of other
reactions so that the precursor (1**c-acetate) is shunted
into reactions other than lipid synthesis.

Elevated lipo

genesis develops slowly following afternoon prolactin injec
tion.

Twenty-four hours following prolactin treatment lipo

genesis is increased to over twice control levels (Table IV).
Because increased lipogenesis develops slowly, it is likely
that prolactin-treatment increases the levels of enzymes
involved in lipogenesis rather than elevating the activity
of a stable amount of enzyme.

Therefore effects on RNA

synthesis which might be related to subsequent enzyme synthe
sis were studied.
Because mammotropic and lactogenic effects of prolactin
are obvious in mammals, the mechanisms involved in prolactin
effects on milk production have been studied in detail.
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However prolactin is a much more ancient and versatile
hormone than its name implies; prolactin plays important,
obligatory roles in metabolic, water, ion and reproductive
regulation in all vertebrate classes from fish to mammals
(Nicoll, 1974).

Because of the remarkable conservativeness

of physiological/biochemical mechanisms it seems unlikely
that many of the mechanisms by which prolactin is lactogenic
are substantially different from the ancient mechanisms
prolactin has employed to induce metabolic changes in verte
brates other than mammals.

Bern (1975) suggested that

several lactogenic phenomena are functionally similar to
osmoregulatory influences observed in fishes.

Similarly,

the data contained herein suggest that elevated body lipid
is accomplished through mechanisms functionally similar to
lactogenic mechanisms.
Turkington, in a long series of papers (see review;
Turkington et 'al., 1973) , described major reorganization of
the metabolic machinery resulting from prolactin effects on
mammary tissue in vitro.

Prolactin treatment of mammary

tissue leads to synthesis of specific enzymes through
mechanisms including histone phosphorylation, messenger RNA
synthesis and transfer RNA synthesis.

Prolactin treatment

of mammary tissue also leads to greatly increased levels of
the multiunit enzyme fatty acid synthetase (Speake et al.,
1975),

The elevated levels of fatty acid synthetase result

from increased synthesis (induction) and reduced degradation
of the enzyme (Speake et al., 1975, 1976).

Similarly,
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present evidence supports the conclusion that, In liver
tissue, prolactin leads to specific enzyme synthesis through
induced RNA synthesis.

One such enzyme might be glycerol

3-phosphate acyltransferase, which is central in the esterification of fatty acid into glyceride.

Leatherland and

coworkers (1976) observed that morning prolactin injection
in goldfish did not alter the levels of this enzyme.

After

noon prolactin injection for 7 days resulted in highly
significant elevation of glycerol-3-phosphate acyltransferase assayed 24 h after the last prolactin injection.

In

Fundulus grand!s prolactin injection in the afternoon leads
to increased RNA synthesis and it seems likely that this
RNA synthesis might be related to subsequent synthesis of
glycerol-3-phosphate acyltransferase and/or fatty acid
synthetase.

Such enzymes are thereafter involved in lipo

genesis which develops slowly after prolactin treatment.
Prolactin effects on RNA synthesis and subsequent
protein synthesis in mammary tissue are mediated by prolactininduced prostaglandin synthesis (Rillema, 1975).

Treatment

of mouse mammary tissue with a blocker of prostaglandin
synthesis (indomethacin) prevents prolactin-induced RNA
synthesis; prostaglandin
RNA synthesis.

Fact

mimics prolactin-induction of

Similarly in F. grandis prolactin-induced

RNA synthesis is blocked by methacin and PGFaot mimics
prolactin-induced elevation of RNA synthesis.
Another important similarity between prolactin's lacto
genic mechanism and its action on F. grandis liver is the
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in vitro dose/response curve.

Hallowes and coworkers (1973)

observed a strongly phasic dose/response curve for prolac
tin's stimulation of lipogenesis in mammary tissue.

Response

to prolactin increased to a maximum between 0.5 and 1.0 yg/
ml.

At higher doses the response to prolactin decreased to

values not different from controls.

In dramatically similar

fashion, uridine incorporation of F. grandis liver tissue
increases to a maximum between 0.5 and 1.0 yg/ml and de
creases thereafter (Figure 6).

This strongly phasic type

of dose/response curve has been described as characteristic
of responses to prostaglandins (Johnson, 1974; Korrobin,
1976) and serves as additional indirect evidence for prosta
glandin mediation of these responses to prolactin.
Whereas afternoon prolactin injection causes increased
RNA synthesis during a period 3-4 h after treatment, morning
prolactin injection causes no such effect.

The apparent

rate of liver RNA synthesis (DPM/yg RNA) is markedly dimin
ished by prolactin injection in the morning.

This effect of

morning prolactin injection is not a decrease of the absolute
rate of 3H-uridine incorporation (i.e., RNA synthesis) but
instead results from increase in the total amount of liver
RNA (Figure 3).

The rate of "new" RNA synthesis is not

stimulated following morning prolactin injection but degrad
ation of existing RNA is apparently decreased.

The tests

employed were designed to measure rates of RNA synthesis
and therefore interpretation of this "morning" prolactin
effect is limited to indirect inferences.

The pool of RNA
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in question is presumably structural (i.e., ribosomal).
The magnitude of prolactin-induced increase of liver RNA
following morning injection (^73%) requires that the large
ribosomal pool ( 50%; Lehninger, 1970) be involved.

Proper

tests to elucidate this effect might include observation of
structural changes in ribosomal machinery (membrane binding,
etc.) or measurement of ribonuclease (RNase) activity follow
ing prolactin injection.

Prolactin is known to amplify the

effects of several other hormones (Horrobin, 1974).

Stabil

ization of RNA might be an important means by which prolactin
could amplify the effects of other hormones if those hormones'
actions require protein synthesis and therefore ribosomal
apparatus.

Prostaglandin synthesis is apparently not re

quired for the "morning'' prolactin influence on liver RNA
metabolism (Figure 4).

Before the mediation of this prolac

tin influence can be adequately studied, the precise nature
of the effect (decreased RNase; ribosomal binding, etc.)
must be elucidated.
The rhythm of lipogenic response to prolactin is en
trained by the rhythm of adrenal corticosteroid.

Prolactin

causes marked accumulation of fat when it is administered
daily at the same time as cortisol (0 h relation)
al., 1971a; Fivizzani, 1977).

(Meier et

Prolactin also causes fatten

ing when injected at 8 h after "lights on" (Joseph and Meier,
1971), the time corresponding to the peak of the daily
cortisol rhythm (Srivastava and Meier, 1972; Garcia and
Meier, 1973).

These data suggest that coincidence of high
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levels of prolactin and cortisol might act together to pro
duce fattening.

Data presented herein suggest that the

mechanism involved does not require high levels of cortisol.
Prolactin injection into intact fish during peak of the
cortisol rhythm (8 h after "lights on") causes stimulation
of RNA synthesis to approximately twice control levels
(Figure 5).

In vitro treatment with 0.5 ug/ml of prolactin

causes increased RNA synthesis to twice control levels in
livers taken from fish 2 h prior to the endogenous cortisol
peak.

Apparently the interaction between the circadian

corticosteroid rhythm and prolactin is not immediate, but
is a consequence of prior corticosteroid "programming" of
the response to prolactin.

This conclusion is supported by

previous data concerning the pigeon cropsac response to pro
lactin (Meier et al., 1971b).

Each side of the crop (demi-

crop) could be entrained to a different response rhythm (12
h out of phase) by small intradermal corticosteroid injec
tions (12 h separate).

It has been hypothesized (Horrobin

et al., 1976) that the interactions between corticosteroid
and prolactin result from corticosteroid inhibition of pro
lactin-induced prostaglandin synthesis.

Though suitable for

some corticosteroid/prolactin interactions, this explanation
is inadequate to understand the circadian interactions
between these hormones.

Although corticosteroid is a potent

inhibitor of prolactin-induced prostaglandin synthesis in
vascular tissue (Horrobin et al., 1976) prostaglandin is
the apparent mediator of prolactin stimulated RNA synthesis
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at the time of day (8 h after dawn) when corticosteroid is
high in Fundulus (Garcia and Meier, 1973 and Figure 5).
Similarly, corticosteroid acts as a permissive agent for
prolactin’s prostaglandin-mediated stimulation of mammary
RNA synthesis (Rillema, 1975).
A hypothesis which might adequately explain the inter
actions between prolactin and corticosteroid rhythms should
recognize that eukaryotic cells are inherently circadian.
Circadian metabolic rhythms have been observed in prepara
tions of several vertebrate tissues in vitro (Bunning, 1973),
including rat liver cells (Hardeland, 1973).

The rhythmic

response to prolactin, which determines that prolactin will
induce RNA synthesis and fattening only during certain times
of day, is apparently one output from circadian cell clocks.
Although there are many possibilities for the biochemical
basis of the rhythmic prolactin response, one possibility
stands out as apparent and eminently testable.

Prolactin-

induced prostaglandin synthesis in mouse mammary tissue
apparently results from activation of phospholipase A
(Rillema and Anderson, 1977).

A circadian rhythm of hormone-

Inducible phospholipase A in tissues might account for their
rhythmic response to prolactin.

Although the subject is

generally ignored by endocrine biochemists, valuable new
information about the biochemical bases of endocrine action
will be gathered by consideration of the roles of circadian
biochemistry in endocrine action.

CONCLUSION
With regard to both osmoregulation and the control of
body fat stores, actions of prolactin in the Gulf killifish
(Fundulus grandis) are strongly dependent upon the time of
the daily prolactin peak.

These circadian-dependent prolac

tin actions form part of a model which suggests that changes
in seasonal conditions in Gulf killifish are directed by
changing temporal relations of circadian neuroendocrine
oscillators (Meier et al^, 1978).

The circadian rhythms of

prolactin and cortisol are hormonal expressions of these
oscillations.

Temperature control of seasonal conditions

is exerted through temperature effects on the phase of cir
cadian neuroendocrine oscillations.

Warm temperature (28°C)

produces a 16 h hormonal relation (prolactin peak occurs
16 h after cortisol peak) and cool temperature (20°C)
produces a 0 h hormonal relation (prolactin and cortisol
peak simultaneously).

Injections of cortisol and prolactin

in the 16 h and 0 h relations induce appropriate summer and
winter/spring conditions, respectively.

Summer conditions

include small fat stores, low gonadal weight, and freshwater
osmoregulatory disposition.

Winter/spring conditions in

clude large fat stores, gonadal stimulation and saltwater
osmoregulatory disposition.
Inasmuch as circadian neuroendocrine interactions are
central to the control of a variety of physiological pheno
mena, the mechanisms involved at the interface between cir
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cadian eukaryotic cells and the neuroendocrine system are
important subjects for study.

Prolactin-induced elevation

or depression of plasma chloride concentrations is relative
ly rapid (within 4 hours).

Present evidence suggests that

both the morning effect (Cl** elevation) and afternoon effect
(Cl” depression) of prolactin are mediated through prolactininduced prostaglandin synthesis.

Because of the relative

rapidity of these effects it seems that they must result
from changes in enzyme (transport) activity or other effects
which do not require protein induction.

Prolactin elevation

of lipogenesis (afternoon effect) is much slower (>10 h) and
follows induction of hepatic RNA synthesis.

This afternoon

effect is also mediated through induced prostaglandin syn
thesis.

Morning prolactin injection appears to reduce the

degradation of liver RNAr an effect apparently not mediated
through prostaglandin synthesis.

Several essential features

of prolactin influence on F. grandis liver tissue, including
the dependence upon nuclear effects and prostaglandin syn
thesis, are remarkably similar to mechanisms through which
prolactin acts on mammary tissue.

These similarities suggest

common and presumably ancient mechanisms of prolactin action
from which generalizations about prolactin physiology might
derive.

Such generalizations about the actions of prolactin

are severely lacking.

The literature on prolactin physiology

contains a preponderance of descriptions of diverse effects
and a dearth of unifying theories.
Unifying theories on prolactin physiology must clearly
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consider both the interaction between prolactin and circa
dian rhythms, and the growing evidence concerning prosta
glandin mediation of prolactin actions (Rillema, 1975;
Rillema and Anderson, 1976; Horrobin et al., 1976; Horrobin,
1977; Horseman and Meier, 1978; and studies above).

These

two aspects of prolactin physiology (rhythms and prostagland
in mediation) suggest concepts around which future research
might be directed.

Current concepts regarding the biochemi

cal bases of circadian rhythms place a great deal of emphasis
on the roles of cellular mechanisms (Njus et al., 1974;
Sweeney, 1976; Njus, 1976) .

Some important attributes of

circadian rhythms (responses to some drugs and ions, temper
ature compensation, etc.) are best explained by invoking
cellular membranes as major components of circadian clock
biochemistry.

Inasmuch as both the precursors for prosta

glandin synthesis (unsaturated 18 carbon fatty acids) and
the enzymes involved in prostaglandin synthesis (phospholi
pase A and the multiunit complex "prostaglandin synthetase")
are membrane components (Waite et al_., 1969; Weglicki et al.,
1971; Samuellson et al_., 1975), the circadian biochemistry
of membranes is relevant to prolactin action.

There is a

marked circadian rhythm of unsaturated fatty acids in cellu
lar membranes of Neurospora (Brody and Martins, 1976).
Similar rhythms in vertebrate cells would result in circa
dian rhythms of prostaglandin precursors (unsaturated fatty
acids), and thereby contribute rhythms of response to prolac
tin.
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Consideration of circadian rhythms provides a valuable
and largely unexploited dimension to endocrinology.

Further

consideration of the roles of prostaglandins at the inter
face between circadian rhythms and hormone action will
probably provide important practical and theoretical infor
mation.
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